This review summarizes the literature and our own data regarding the role of NAD + -20 glycohydrolase/CD38-controlled molecular mechanisms of hypothalamic and pituitary 21 oxytocin secretion in social behavior regulation. Current approaches to the modulation of 22 both CD38 expression and brain cell activity that represent prospective treatments for 23 disorders associated with altered social behavior are discussed. 24 25 26 2
NAD + levels could be regulated by the CD38-mediated production of cyclic ADPR 23 followed by its conversion to diadenosine homonucleotides (isomers of diadenosine 24 diphosphate) via Ca 2+ -mobilizing activity [42] . In addition, extracellular NAD + can act as a 25 substrate for ecto-ADP-ribosyltransferase at the plasma membrane. Thus, possibly, P2X7 26 receptors can be ADP-ribosylated [43] , suggesting other cellular applications for CD38-mediated 27 production of ADP-ribose. P2X7 receptors are functionally coupled to pannexin-1, and their 28 interactions play an important role in controlling membrane permeability. It is generally believed 29 that the cellular responses triggered by P2X7 depend on the structure of signaling complex 30 formed by P2X7 and its associated molecules, including pannexin-1 [44] . Pannexin-1 acts as an 31 ATP-permeant channel and is expressed in neurons, astrocytes, and pituitary cells [45] . This 32 result suggests that there is a physiological role of pannexins' tight coupling to P2X7 receptors, 33 which is regulated by cADPR in the brain. This action is likely supported by the activity of 34 5 connexins that provide regulated transport of NAD + , ATP, and neurotransmitters [46] . Recent 1 data regarding treatments targeting P2X7 receptors to correct autism-like behavioral 2 abnormalities in an animal model have indirectly confirmed this action [47] . Alterations in social behavior due to neurosecretory dysfunction 5 in the hypothalamic-pituitary-limbic system 6 Neuropeptides, neurotransmitters and multiple steroid hormones play a central role in 7 regulating social behavior in mammals. Several behavior-regulating neuropeptides have been 8 described [48] ; in recent decades, much attention has been paid to oxytocin (OT) and arginine 9 vasopressin (AVP) in the context of social recognition, social memory, mood regulation, 10 aggression, and social behavior [49, 50] . The effects of these peptides are important in a variety 11 of species and are moderated by receptor densities in the brain and the efficacy of neurosecretory 12 events of the hypothalamus and pituitary [51] . The majority of OT and AVP biological effects in 13 the central nervous system are concentrated in limbic regions (particularly, in the amygdala and 14 the hippocampus), which are implicated in social affiliation, cognition, emotions, motivation, 15 and sexual behavior. 16 Casual relationships between OT and AVP and social behavior have been intensively 17 studied in experimental models and in humans. The results of these studies suggest that OT acts 18 as a regulator of responses to social stress and facilitator of approach behavior, while AVP is 19 mainly considered to be a mediator of anxiogenic action and modulator of male-typical social 20 behaviors, including aggression and pair-bond formation [48, 49] . However, such functional 21 differentiation is relative. At present, OT is implicated in the regulation of social recognition, 22 memory and bonding, adjustment of the hypothalamic-pituitary-adrenal (HPA) axis under 23 stressful conditions, maternal behavior (including maternal aggression), male and female sexual 24 behaviors, empathy-based group formation, paternal and maternal care, feelings of attachment, 25 development of more constructive behavioral approaches, and the establishment of social 26 distance between males and females [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Balanced activity of both brain neuropeptide 27 systems is important for appropriate emotional behavior [61] . In the coordination of parental care, 28 mothers show greater amygdala activation and correlations between amygdala responses and OT, 29 while fathers exhibit greater activation in social-cognitive circuits that are correlated with AVP 30 [62] . 31 OT attenuates stress-induced HPA activity and may produce anti-stress effects. It is 32 suggested that the adaptation mechanism to chronic stress may involve up-regulation of oxytocin 33 expression in the hypothalamus [63] . Chronic isolation stress results in increased plasma OT 34 6 levels and OTR mRNA in the hypothalamus in females, but not in males [64] . Central OT, but 1 not AVP, attenuates both stress-induced neuroendocrine and molecular HPA axis responses and 2 the dorsal hippocampus and paraventricular nuclei (PVN) constitute an OT-sensitive forebrain 3 stress circuit [65] . Sexually dimorphic mechanisms of action for OT and AVP may underlie 4 anxiety and repetitive behaviors commonly observed in children with ASD [66] . 5 Different patterns of intracerebral release and action of OT may influence its regulatory 6 activity in social behavior to a greater extent than do differences in OT receptor (OTR) levels in 7 the brain. In the brain, OT is produced and released by magnocellular neurons of the PVN and 8 supraoptic nuclei (SON) of the hypothalamus. In hypothalamic nuclei, OT gene expression and 9 OT release is stimulated by hypertonic saline, parturition, suckling in lactating females, GABA, compositions of voltage-gated Ca 2+ channels (VGCC) were found in the two types of 28 hypothalamic neurosecretory terminals: L, N, and Q in AVP terminals vs. L, N, and R in OT 29 terminals. However, these channels do not differ greatly in relation to specific aspects of their 30 release mechanisms. The only difference observed was attributed to the expression of purinergic 31 receptors that affect VGCC functioning in these cells [76] . 32 We recently found a novel CD38-dependent mechanism of intracellular Ca 2+ 33 mobilization, which plays a key role in OT release from the soma and axonal terminals of 34 7 hypothalamic neurons. This mechanism was related to profound changes in various social 1 behaviors and did not play a role in AVP secretion ( Figure 1 ). There is growing evidence that 2 OT may be related to autism [77 -80] . Defective OT and AVP function have been reported to 3 play a role in the development of autism spectrum disorders (ASD) [81, 82] ; genetic and 4 epigenetic changes in OTR as well as changes in plasma OT levels have been discovered in 5 patients with ASD [83].
6
Data from our laboratories demonstrate that impairment of the CD38/cADP-ribose 7 system in the hypothalamo-neurohypophyseal system results in changes in OT secretion, but not 8 AVP secretion, in humans [84] and in mice [85, 86, 87] . Impairments of this system have also 9 been associated with abnormal social behavior in mice [85, 86] ; this suggests new clues to 10 understanding the pathogenesis of neurodevelopmental disorders [11, 30] 21 In CD38 gene knockout mice [91] , we demonstrated that CD38-dependent cADPR-and 22 NAADP-sensitive intracellular Ca 2+ mobilization plays a key role in OT release from the soma 23 and axonal terminals of hypothalamic neurons and exhibits profound modulation of social 24 behaviors. Altered Ca 2+ signaling observed in Cd38 -/mice was correlated with reduced ADP-25 ribosyl cyclase activity in the examined brain regions. Immunohistochemical analysis also 26 demonstrated reduced CD38 immunoreactivity in hypothalamic periventricular regions. Plasma 27 and cerebrospinal fluid (CSF) OT levels were lower in Cd38 -⁄mice than in Cd38 +⁄+ mice, and
CD38-controlled mechanisms revealed in Cd38 knockout mice

28
OT was extensively packaged in the hypothalamus and pituitary in Cd38 -/mice due to 29 alterations in the Ca 2+ -mediated release of OT-containing vesicles [85, 92] . We found that Cd38 -30 /mice exhibited altered communicative behaviors that were similar to those observed in Oxt -/-31 and Oxtr -/mice. In these mice, both the injection of OT and the expression of CD38 were able to 32 restore the observed social memory deficits [88] . 33 Interestingly, CD38-controlled mechanisms of central OT release are clearly dependent 1 on reproductive experience in female mice, and in male mice, associations between peripheral 2 OT levels and parenting and paternal care have been described [93] . In support of our 3 experimental findings, reproductive experience improves parental behavior in Cd38 -/male mice 4 (even to a lower extent than in Cd38 -/females), thus, experience-mediated remodeling of the 5 neuroendocrine system and neurosecretory events may be controlled, at least in part, by the 6 CD38/cyclic ADPR system.
7
OT itself can elicit dendritic peptide release without increasing neuronal electrical 8 activity [72] . The activation of peptide receptors on the dendrites or soma elevates intracellular 9 Ca 2+ concentrations and triggers exocytosis. Once dendritic peptide release is triggered, feedback 10 allows for self-sustaining and long-lasting release to occur. We found that CD38 is also involved 11 into the autoregulation of OT secretion in the hypothalamus and pituitary of rodents [87] . Our 12 data on parental behavior, social recognition, and the findings of our in vitro study have 13 indicated that social experiences lead to consecutive stimulation of OT neurons, the activation of 14 CD38/ADP-ribosyl cyclase activity, Ca 2+ mobilization from intracellular stores, OT release, and 15 the activation of positive feedback in PKC-and cADPR-dependent manners [88, 94] .
16
In accordance with our experimental findings in mice, a mutation in the CD38 gene is 17 found to be associated with lower plasma OT levels in humans [84] . Similar allele frequencies 18 for the genotyped SNPs in men and women are comparable. Additionally, similar correlations 19 between plasma OT, CD38, and human OTR SNP variants and parenting behavior have been 20 observed between mothers and fathers [95] . Positive feedback of OT-induced OT release has 21 been previously confirmed in humans [96, 97] .
22
Other NAD + -dependent mechanisms may also be involved in the regulation of OT and 23 AVP-producing neurons, including differential expression of NAD + -dependent histone 24 deacetylases in monoaminergic and neuropeptidergic neurons [98] .
25
Specific patterns of OTR expression in hypothesized social brain regions correlate to 26 functional characteristics of these areas obtained using fMRI [99, 100] . The role of OT in the 27 regulation of the limbic system as a major social brain region has been confirmed in numerous OT is released from axonal terminals [106] . Data regarding local OT release in the amygdala 1 remains controversial [107, 108] . Abnormal amygdaloid structure has been implicated in the 2 pathophysiology of ASD and depression; therefore, OT release and action in the amygdala may 3 be of interest in integrative neurochemistry and the neurobiology of social behavior. 20 The amygdala is highly connected to other areas of the brain. Hypothalamic OT, 21 hypocretin and melanin-concentrating hormone neurons have many projections to the central 22 amygdala, thereby regulating region-associated behaviors and personality traits [108, 112, 113] .
Postulated roles of CD38 in the amygdala
23
Estrogens have been shown to regulate OTR expression in this part of the limbic system. OT Amygdala-hypothalamus interconnection is mediated by OT-dependent mechanisms, and 29 establishing medial amygdala-controlled inter-male aggressive behavior is associated with 30 immediate early gene expression in OT neurons located in specific brain regions [115] . OT acts 31 in the medial amygdala during an initial exposure to facilitate social recognition; OT given 32 before, but not after, an initial encounter restores social recognition in Oxt -/mice [104]. It is 33 well-known that the medial amygdala modulates female social recognition. Antisense 1 oligonucleotides specific for OTR administered into the medial amygdala several days prior to 2 testing has been shown to significantly reduce social recognition in females. This indicates that 3 OTR expression in this region is necessary for proper social recognition [116] . Furthermore, a 4 model of social cognitive dysfunction was recently proposed that comprises abnormalities in 5 oxytocinergic and dopaminergic signaling in the amygdala, resulting in impaired emotional 6 salience processing and consequent social cognitive deficits in schizophrenia [117] . 7 Many authors believe that OT primarily reduces amygdala activity [118] , and certain 8 studies indicate that OT is able to increase amygdala activation for pleasant stimuli. Thus, the 9 amygdala might be a key structure mediating not only the positive influence of social feedback in 10 general but also the specific influence of OT on socially-reinforced learning [119] . OT can 11 facilitate amygdala-dependent emotional empathy in humans [105] . In stressful conditions, the 12 oxytocinergic system of the amygdala is significantly activated in stress-coping strategies [120] .
13
OTR polymorphism affects amygdala volume, most likely due to greater cortisol exposure [121] . 14 OT and AVP in the medial amygdala mediate approach and avoidance behavior; however, the 15 manner in which these behaviors are mediated differ significantly [122] . 
32
Little, and occasionally controversial, information is available regarding development-1 associated changes in brain expression of CD38 and its associated molecules in relation to 2 behavioral alterations occurring later in the life. Ceni et al. [128] found dramatic elevations of 3 ADP-ribosyl cyclase activity in the adult rodent brain compared to that observed on postnatal 4 day 1. The same team later revealed that Cd38 −/− mouse brains have high intracellular ADP-5 ribosyl cyclase activity and that higher levels of activity are detected in synaptosomes purified 6 from neonates than in those of adult animals. These authors found this to be consistent with the 7 observation that endogenous brain cyclic ADPR concentrations, which are definitively not 8 related to the presence of the CD38 protein, are higher in the developing brain and decline in 9 adult tissue over time [16] . We have demonstrated dynamic changes in CD38 expression in the 10 cortex of rodents from postnatal day 1 to postnatal day 48 and that such changes were correlated 11 with NAD + levels and apoptosis of brain cells [22, 129] . for adequate neuroendocrine responses [131, 132] .
21
Reduced OT plasma concentrations mark not only ASD but also borderline personality 22 disorder, which is believed to be closely related to traumatic childhood experiences and is 23 characterized by (para) OT itself can powerfully stimulate proliferation of neural progenitors in the adult 1 hippocampus [139], but whether the same activity occurs with respect to neurogenesis in the 2 hypothalamus is unknown. OT, but not AVP, stimulates adult neurogenesis in the hippocampus 3 of rats subjected to stress [140] . Due to its action in cytoskeletal structure, OT was proposed to 4 act as a growth factor for neurons [141] . contact with peers is associated with OT plasma levels, the expression of the OT gene in the 28 mother, and the quality of social contact between the mother and child. Additionally, low child 29 OT levels can be predicted by the interaction of maternal high-risk CD38 alleles and diminished 30 maternal care in infancy.
31
Extremely limited information exists regarding the changes in the OT system that are 32 associated with aging. Aging affects neurocognitive and socio-emotional processes, which are 33 likely due to alterations in OT release and signaling in the amygdala [150] . The group headed by Lee [168] has tested novel inhibitors of CD38 (N-substituted 17 nicotinamide derivatives), and demonstrated that 1-(|2-(4-phenoxy-phenoxy)ethoxy|methyl}-3-18 (aminocarbonyl)-pyridinium chloride is highly potent; its nicotinamide portion binds to CD38 in 19 a manner that is identical to that exhibited by NAD + . The authors cite that replacement of highly 20 charged moieties of NAD + with aromatic groups provides membrane permeability.
21
In contrast to CD38 inhibitors, stimulation of CD38 expression and increased CD38 22 activity can be attained with very few compounds. Retinoic acid has been shown to induce high 23 levels of CD38 antigen expression in leukemia cells due to the activation of CD38 gene 24 transcription [169] . Retinoic acid can also modulate CD38 expression in the rat brain after 25 perinatal hypoxic-ischemic injury [156] . It may also modulate CD38 expression in lymphocytes 26 obtained from patients with ASD [170] . However, the potential mechanisms that underlie up-27 regulation of CD38 expression in brain cells are not well studied [171] . It is interesting that 
32
Considering the important role of astrocytes as a source of endogenous brain retinoic acid that 33 affects neuronal proliferation and differentiation [176] , the existing data provide a novel 1 approach to manipulate CD38 activity in the brain under normal and pathological conditions. 19 immunoreactivity in rat brain. Brain Res., 1997, 756(1-2) , 52-60. 
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